Introduction
One of the most pressing global issues in recent times is the worldwide energy crisis which is predominantly attributed to earth's fast depleting fossil fuel resource. To address this predicament, many countries have heavily promoted the use of alternative fuel sources such as agricultural wastes as biomass fuel to generate heat and electricity. The benefit of utilizing such fuel for small-scale combustion or thermochemical conversion is apparent since they are renewable resources that can provide inexpensive auxiliary fuel.
At the same time, such application provides an opportunity to solve their disposal problem.
The design and operation of biomass combustion systems rely substantially on several biomass characteristics, namely, heating value, moisture, ash content and elemental composition [1] [2] [3] . The heating value of a fuel can be reported in terms of a 'lower' (LHV) or 'higher' (HHV) value. The heating value of a biomass fuel can be determined experimentally by employing an adiabatic bomb calorimeter which measures the enthalpy change between reactants and products [2] . The use of bomb calorimeter, though relatively simple and accurate, may not always be accessible to researchers. To circumvent this problem, researchers with possession of an elemental analyzer usually conduct proximate or ultimate analysis and subsequently use the resulting data to determine the heating value via established empirical correlations. Proximate analysis is used to determine the weight percentages (wt %) of moisture, volatile matter (VM), fixed carbon (FC) and ash of a biomass while ultimate analysis is used to determine the weight percentages of chemical elements (carbon, hydrogen, nitrogen, oxygen and sulfur) of a biomass.
There were many previous attempts made to correlate the HHV with data from proximate and ultimate analyses. One of the earliest and most popular correlations was the Dulong correlation [4] first introduced in the late 1800's and based on data from ultimate analysis of coal. Over the past two decades, emphasis on renewable fuels has led many researchers to find empirical correlations based on data from proximate and ultimate analyses of biomass fuels, with particular focus on agricultural wastes. Tillman [5] suggests that HHV of biomass material is a very strong function of its carbon content and a popular correlation used to estimate the HHV of wood and wood bark (HHV = 0.4373C − 1.6701) is subsequently created. There are also researchers that propose HHV correlations based on experimental characterization of combined organic-based compounds (i.e. biomass and non-biomass materials). For example, Ahmaruzzaman [6] introduces several empirical HHV correlations based on the proximate analyses data obtained from co-cracking of petroleum vacuum residue with coal, plastics and biomass.
In this study, two new empirical correlations based on proximate and ultimate analyses of biomass (lignocellulosic compounds) used for prediction of HHV are presented. The predictive accuracies of the correlations are compared with recent and established biomass-based HHV correlations. These two correlations afford an easier, more cost-effective and faster alternative to predict HHV and are particularly useful for researchers without access to the comparatively more expensive and sophisticated equipments for experimental HHV determination.
Methodology
A database of proximate and ultimate analyses data as well as experimental HHV of biomass samples were obtained from the open literature and presented in Table 1 . In order to enable wide and universal applicability of the proposed correlations, the database included 44 sets of data from previous studies conducted by researchers from Argentina, Australia, Cuba, Greece, India, Morocco, the Netherlands, Spain, Turkey and the United States of America. In addition, the types of biomass listed in the database vary widely from agricultural by-products (e.g. rice husk and corn straw) to wood (e.g. willow and oak). Another criterion for data inclusion in Table 1 was that the previous studies must include both proximate and ultimate analyses results to ensure completeness of the present study. For all the 44 biomass samples, it was be observed that VM, C and HHV ranges were within 60 -90 wt%, 35 -55 wt% and 14 -23 MJ/kg, respectively. Another nine biomass samples were randomly selected from open literature and added in Table 1 solely for the purpose of validation of developed HHV correlations. Table 2 The smaller the absolute value of MBE, the smaller the bias of the correlation [2] .
Results and Discussion

Linear regression analyses
The initial regression attempt encompasses all the proximate or ultimate analyses variables (VM, FC, ash for proximate and C, H, N, O, S for ultimate) and y-intercept is allowed. This yields equations with low R 2 and adjusted R 2 (< 0.8) which clearly indicate the need to redo the regression. It should be noted that R By not selecting the aforesaid variables, two separate equations (Eqs. 13 and 14) with favorable regression statistics have been formulated (Table 3 ). The presence of VM, FC, C and H variables in the two equations is apt since it is well-established that carbon and hydrogen (elemental constituents that form volatile organic matter and fixed carbon) contribute significantly to biomass energy content [2] . The two equations are rather simple compared to most of the recent correlations (Eqs. 2, 3, 5, 6, 7, 9).
Accuracy and comparison with recent and established correlations.
By using data from Table 1 , HHVs have been predicted by using all the 14 equations. Fig. 1 shows the comparison between predicted and experimental HHV for the developed correlations (Eqs. 13 and 14) . It can be seen that most of the plotted values remain close to the curve of HHV predicted = HHV experimental , indicating good accuracy of the correlations. Eq. 14 seems to be marginally more accurate compared to Eq. 13 judging by the presence of more outliers (points outside the ± 5% relative error lines) produced by the latter. accuracy. This observation is consistent with a study reported by Sheng and Azevedo [2] where they suggest that 'ultimate analysis quantifies the elemental contents providing more detailed chemical composition on biomass'. It is possible that the carbon group contribution variables (VM and FC) provide an oversimplification aspect to the actual energy content of biomass resulting in reduced predictive accuracy compared to ultimate analysis variables which are elemental in nature.
Eq. (14) has the lowest MAE at 4.01 % and provides marginal over-estimation at just 0.57 % which strongly reflect its good HHV predictive capability. Eqs. (4) and (5) developed by Sheng and Azevedo [2] also exhibit good accuracy in HHV predictions since they both have comparable MAE and MBE. The author surmises the inclusion of C and H and exclusion of non-energy contributing variables such as N, S and ash render Eq.
(14) more relevant in the context of predicting gross calorific value of biomass. Eq. (13) is also useful for predicting HHV of biomass by using proximate analyses data and it is a valuable companion correlation to Eq. (14) since the former has the lowest absolute MBE (0.67 %) among all the correlations developed from proximate analyses data. Admittedly, application of both Eqs. (13) and (14) may be limited to only lignocellulosic materials, nonetheless, application of these correlations can be incorporated in the design of smallscale biomass combustors, thermochemical converters or even industrial waste-to-energy biomass plants. Future statistical studies should be conducted to shed light on such application.
Conclusions
Two new empirical correlations (Eqs. 13 and 14) based on proximate and ultimate analyses of biomass have been developed via linear regression method for prediction of HHV. These correlations are easy to apply via simple manual calculation and require only carbon and hydrogen contents or volatile matter and fixed carbon contents (both on wt% dry biomass basis). They have important implications for affording combustion scientists with additional prediction alternatives with regards to biomass heating values analysis. Underlined values pertain to correlations developed from proximate analysis while nonunderlined values pertain to correlations developed from ultimate analysis.
